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==========

Cognitive integration of basic and clinical sciences supports diagnostic reasoning in novices.Novices understand the relative importance of key clinical features for disease categories when instruction supports cognitive integration of basic and clinical sciences.A simple diagnostic justification test can be used to indirectly capture novices' integrated basic science knowledge in clinical diagnosis.

Introduction {#Sec2}
============

Integration of basic science is increasingly being recognized as important for practice in the health professions \[[@CR1]\]. As such, better integration of basic science disciplines with clinical content has become a central characteristic of curriculum reform \[[@CR2]\]. Common integration strategies include problem-based learning, early exposure to real and simulated clinical experiences, rearrangement of basic science and clinical curricula, and shared teaching \[[@CR3], [@CR4]\]. While there is limited empirical evidence for the value of many of these curricular integration efforts, learners have been found to benefit when learning is based on the concept of 'cognitive integration'. In contrast to the more common horizontal or vertical integration, 'cognitive integration' captures the understanding that the integration of basic and clinical sciences is a cognitive activity that occurs within the learner, not in the curriculum \[[@CR3]\]. Cognitive integration is supported through day-to-day micro-level teaching and involves specific pedagogical strategies that purposefully link the basic and clinical sciences \[[@CR3]\].

There is considerable laboratory evidence that cognitive integration supports diagnostic reasoning in novices \[[@CR5]--[@CR10]\]. For example, when compared with students who learned only clinical signs and symptoms, students who learned neurological and rheumatological diseases through integrated basic science descriptions had superior diagnostic accuracy 1‑week after learning. By understanding the causal mechanisms that govern why clinical features are associated with a specific disease, students' diagnostic decisions can be based on what 'makes sense' rather than on the memorization of isolated features \[[@CR7], [@CR8]\]. The purposeful and explicit integration of basic and clinical sciences during teaching essentially allows the learner to develop a coherent mental representation of the disease category \[[@CR6], [@CR8]\].

Experimental findings demonstrating the value of this conceptual coherence have been consistent with undergraduate populations from a number of areas of medicine and other health disciplines, including dentistry, neurology, and rheumatology \[[@CR6], [@CR9]\]. The results of these studies suggest that immediately after learning novices may rely on an analytical feature counting strategy to arrive at a diagnosis, but after the passage of time their reasoning strategy shifts to rely on a more holistic understanding of disease categories in order to maintain diagnostic performance \[[@CR6]\]. While this model of reasoning is supported in the pattern of performance across studies, it has been difficult to provide an explicit measure of how students use their coherent mental representation to arrive at the correct diagnosis. This is because the model of conceptual coherence does not necessitate the overt application of basic science knowledge in diagnosis. Rather, the model suggests that novice diagnosticians use basic science knowledge unconsciously and automatically to reorganize and reconstruct diagnostic feature lists associated with abnormal functioning when solving clinical problems \[[@CR7]\]. This cognitive process is evident by learners' ability to arrive at a correct diagnosis but might not be easily expressed. Thus, directly asking learners how or if they used their basic science knowledge to solve a case might not lead to greater insights regarding cognitive integration or conceptual coherence.

An explanation consistent with conceptual coherence is that, while impactful, basic science knowledge is less likely to be articulated in a think aloud protocol unless the cases are particularly complex. Schmidt et al. \[[@CR11]\] theorized that experts' basic science knowledge becomes encapsulated under clinical concepts as a result of repeated clinical exposure. However, when experts are faced with a challenging clinical problem they revert to their basic science knowledge for an explanation. This is supported in studies that have compared think aloud protocols from novices and experts as they reason through difficult clinical problems \[[@CR12], [@CR17]\]. For example, a study that compared reasoning strategies of junior residents to experienced clinicians as they worked through complex nephrology problems found that increased experience was associated with superior diagnostic performance and more extensive use of causal explanations \[[@CR12]\].

Recently, Williams and Klamen \[[@CR13]\] have described a written diagnostic justification task, intended to make students' diagnostic strategy explicit. In this task, students were asked to identify their diagnostic strategy by explaining how they used patient and laboratory data to move from initial differential diagnoses to a final diagnostic decision. It was found that students' diagnostic justification scores were highly correlated to the final comprehensive exam score \[[@CR13]\]. Moreover, the relative contribution of biomedical knowledge and clinical cognition on students' diagnostic strategy has been investigated using structural equation modelling. This structural equation modelling study revealed a small correlation between biomedical and clinical knowledge in the first two years of training, but found that both constructs demonstrated a moderate relationship with diagnostic justification ability of fourth year students \[[@CR14]\]. These findings suggest that the diagnostic justification task appears to capture the use of basic science knowledge in clinical diagnosis. Based on these findings, it plausible that a diagnostic justification task could provide a way to explicitly capture the impact of integrated basic science knowledge on novices' diagnostic reasoning process.

In the present study, we aimed to extend previous work on cognitive integration using new learning materials teaching musculoskeletal pathologies with allied health students. In addition, we aimed to further our understanding of cognitive integration and conceptual coherence by using a diagnostic justification task to investigate the impact of integrated basic science instruction on novices' diagnostic reasoning process. We hypothesized that students who are taught musculoskeletal conditions using basic science descriptions would have superior diagnostic accuracy after a time delay compared with those who are only taught the clinical features. It was expected that this effect would be present even though learners' memory of clinical features associated with each musculoskeletal condition may decline over time. Furthermore, we anticipated that the diagnostic justification task would allow for explicit measurement of the impact cognitive integration has on novices' diagnostic reasoning process, allowing for the possibility that students would use their basic science knowledge, without necessitating its articulation.

Methods {#Sec3}
=======

Participants {#Sec4}
------------

Forty-five first and second year massage therapy students from Humber College, Toronto participated in this study. All students had completed the same introductory musculoskeletal anatomy course. The students were assumed to have a basic understanding of the bones, joints, and muscles of the hand but had minimal, if any, prior experience with the musculoskeletal pathologies selected for the learning materials. Students received a \$ 30 Campus Bookstore gift card for participating. Human research ethics approval was obtained from Humber College and participation was completely voluntary.

Learning materials {#Sec5}
------------------

Two learning conditions were created for the purpose of this study; an integrated basic science (BaSci) condition and a clinical science only (CS) condition. Participants in both learning conditions were taught the clinical features of four confusable musculoskeletal pathologies: Dupuytren's contracture, carpal tunnel syndrome, Guyon's canal syndrome, and pronator teres syndrome. The learning material for each of the pathologies in the BaSci group included an integrated review of relevant anatomical structures, clinical features, and the underlying causal mechanisms (anatomical pathology) of each feature. The learning material for the CS group used the same descriptions and images/video clips for the clinical features of each pathology; however, the anatomy and underlying causal mechanisms were excluded. To equalize the learning time between the two conditions, the CS group was taught epidemiology and potential treatment options for each of the four pathologies. In both learning conditions participants were not told explicitly which clinical features were key to making a correct diagnosis. An example of learning material for both groups is shown in Tab. [1](#Tab1){ref-type="table"}. The learning materials consisted of images and video clips accompanied by audio recordings (19 minutes in length) that narrated the written material on each slide. Participants were given an unlimited amount of time to study each slide but were not permitted to click backwards through the learning materials. This was done in an effort to control the time on task between the groups. Two textbooks, the Anatomical Basis of Neurologic Diagnosis \[[@CR15]\] and Clinically Oriented Anatomy \[[@CR16]\] were content references for the learning materials. Both learning conditions were reviewed for clarity and accuracy by an experienced physical medicine and rehabilitation clinician and a clinical anatomist.Tab. 1Sample explanations for Dupuytren contracture explained in the two learning conditions**Integrated Basic Science Group**Dupuytren contracture presents as painless nodular thickenings of the palmar aponeurosis that adheres to the skin. No pain is associated with the disease since the nerves of the hand which transmit pain information to the brain are not affected. Gradually, thickening and progressive shortening (contracture) of the longitudinal bands produces raised ridges in the palm of the hand. Fibrosis degeneration and shortening of the longitudinal bands causes partial flexion of the affected fingers at the metacarpophalangeal and proximal interphalangeal joints.\
With progressive disease, a flexion deformity will develop and as a result the patient will report an inability to fully extend the affected fingers at the metacarpophalangeal and proximal interphalangeal joints. The flexion deformity is caused by the shortening of the longitudinal bands of the palmar aponeurosis. The flexion deformity limits the person's ability to fully open their hand, making it difficult to grasp large objects. In Dupuytren contracture there are no sensory changes observed in the hand. This is because the contracture does not affect the nerves of the hand that are responsible for supplying sensory information to the skin**Clinical Science Only Group**Dupuytren contracture presents as painless nodular thickenings that adhere to the skin. Gradually, patients present with raised ridges in the palmar skin that extend from the proximal part of the hand to the base of the fingers. In patients' affected fingers, partial flexion occurs at the metacarpophalangeal and proximal interphalangeal joints. With progressive disease, a flexion deformity can develop and patients will report an inability to fully extend the affected fingers at the metacarpophalangeal and proximal interphalangeal joints.\
The disease can occur in both hands but is generally not symmetric in severity. The ring finger is most commonly involved followed by the little finger. Patients typically have a difficult time grasping large objects. There are no sensory changes observed in this disease

Testing materials {#Sec6}
-----------------

Three tests were used in this study.Diagnostic accuracy test: To test diagnostic accuracy, participants were presented with 15 clinical cases and were asked to choose the correct diagnosis from a list of four pathologies. Each case description included the age, sex, a minimum of three clinical features, and an image or video clip of the patient's hand presentation. For counterbalancing purposes, two versions (A and B) were created and matched for difficulty. Both tests were reviewed for accuracy by a clinical anatomist and piloted by 22 undergraduate students. Analysis of the pilot data revealed no difference between test A and B.Memory test: To measure participants' recall of clinical features they were asked to choose the correct features for each of the pathologies from a list of 16 features. The same list was provided for all four musculoskeletal pathologies.Diagnostic justification test: This test aimed to explicitly capture the participants' diagnostic reasoning process when explaining a correct diagnosis. Participants were provided with an image of a patient's hand presentation and were told the correct diagnosis. Participants were then asked to provide the patient with a written explanation of their diagnosis, being as specific as possible. These explanations were typed into a text box located below the image of the patient's hand presentation. All four pathologies were tested in the same manner with participants having no time or word count restrictions to provide their response. This simplified diagnostic justification measure was specifically developed for this study and was considered to be appropriate for this context. The prompt used for each question on this test was deliberately left vague in an effort not to influence participants' responses and to avoid intentional learning instructions \[[@CR17]\]. Further, unlike the diagnostic justification task used by Williams & Klamen \[[@CR13]\], we did not require students to provide a diagnosis or a differential diagnosis nor were students prompted to list key clinical findings (positive or negative).

The learning and testing materials were presented using a customized software programme which enabled us to control the minimum amount of learning time for each participant, record reaction times, and track participant responses.

Protocol {#Sec7}
--------

Upon consent, participants were randomly allocated 1:1 into the BaSci or the CS group. This study was completed in cohorts up to six participants at a time. Each participant was seated at an individual table and was provided with a laptop computer, headphones, and instructions for viewing and testing. Before starting the learning materials participants completed a prior knowledge test and a basic hand anatomy tutorial and quiz. The prior knowledge test consisted of five clinical cases and used the same format as described for the diagnostic accuracy test. The basic hand anatomy tutorial and quiz were created to review anatomical terminology and the bones, joints, and joint movements of the hand. At the end of the tutorial participants completed seven multiple-choice questions on basic hand anatomy. The computer programme scored the quiz and required participants to achieve a minimum of 86 % (6 out of 7) in order to proceed to the learning phase of the study. Participants who did not achieve 86 % on their first attempt were redirected to the beginning of the tutorial and were instructed to review the material. Following the second attempt on the quiz all participants were directed to the learning phase. Immediately after the learning phase, participants completed the diagnostic accuracy test (test A or B) followed by the memory test. One week later, participants returned to complete the diagnostic accuracy test (test A or B), followed by the diagnostic justification test, and the memory test. Participants who had taken diagnostic accuracy test A the previous week were given test B, and vice versa. On both immediate and delayed testing, all test items were presented one at a time, in random order, and no time restrictions were imposed.

Analysis {#Sec8}
--------

An independent samples t‑test was used to compare the prior knowledge test scores of the BaSci and CS group. For each participant, the number of correct responses on the diagnostic accuracy and memory tests was calculated. The results on these two tests were analyzed separately using a 2 × 2 repeated measures ANOVA, with the learning group (BaSci and CS) as the between-subject variable and time (immediate vs. delayed) as the within-subject variable. A series of planned t‑tests were also performed. The same analysis was used to compare the amount of time it took participants to complete the diagnostic test on immediate and delayed testing. Based on pilot data, a seven-point Likert scale was created by the research team to score participants' diagnostic justification responses (Fig. [1](#Fig1){ref-type="fig"}). The scale ranged from one (identifies incorrect sign/symptoms) to seven (identifies more than one key sign/symptoms for the pathology and provides a correct rationale for each sign/symptom). Two independent, blinded raters used the scale to score all responses. To assist with grading, raters were provided with a list of clinical features associated with each of the pathologies with the key clinical features highlighted. Intra-class correlation was calculated to measure agreement between the raters. The average of the raters' scores for each participant was subject to an independent samples t‑test to compare the type of information participants used to justify their diagnosis. Pearson's correlations were calculated for both learning groups to measure the relationship between participants' diagnostic accuracy and diagnostic justification scores and diagnostic accuracy and time to complete the diagnostic tests.Fig. 1Likert scale used to score the diagnostic justification test

Results {#Sec9}
=======

A *priori* it was decided that participants would be excluded from the final analysis if they did not complete testing at both time points or if they were identified as an outlier on either the diagnostic or recall test. One participant did not return to complete follow-up testing and a box plot analysis identified one participant as an outlier on the first recall test. A total of 43 participants were included in the final analysis.

The BaSci group (*n* = 22) scored 48 % and the CS group (*n* = 21) 39 % on the prior knowledge test. A comparison of these scores revealed no difference (*p* = 0.12).

On the diagnostic accuracy test, participants in the BaSci group more accurately diagnosed the musculoskeletal pathologies on both immediate and delayed testing compared with the CS group (Tab. [2](#Tab2){ref-type="table"}). The ANOVA showed a significant main effect of time,*F*~1,\ 42~ = 12.3, *p* = 0.001, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\eta _{\mathrm{p}}^{2}$$\end{document}$= 0.23 and learning group, *F*~1,\ 42~ = 11.2, *p* = 0.002, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\eta _{\mathrm{p}}^{2}$$\end{document}$= 0.21. The effect size of the difference for the learning groups was in the large effect range (d = 0.82).Tab. 2Average scores on the diagnostic accuracy, memory, and diagnostic justification testsImmediateDelayedMeanSDMeanSDDiagnostic accuracyBaSci group (*n* = 22)0.730.150.650.24CS group (*n* = 21)0.580.190.460.14MemoryBaSci group (*n* = 22)0.660.170.580.17CS group (*n* = 21)0.470.110.510.11Diagnostic justificationBaSci group (*n* = 22)----3.91.04CS group (*n* = 21)----3.10.96

Time taken to complete the diagnostic accuracy test immediately after learning and one week later differed between the BaSci (8.5/8.1 min) and CS (7.6/6.4) groups. The ANOVA showed a significant main effect of group,*F*~1,\ 42~ = 4.8, *p* = 0.03, but there was no significant correlation between diagnostic performance and time to complete the diagnostic tests.

On the memory test, the BaSci group outperformed the CS group (Tab. [2](#Tab2){ref-type="table"}). The ANOVA showed a significant main effect of learning group,*F*~1,\ 42~ = 12.4, *p* = 0.001, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\eta _{\mathrm{p}}^{2}$$\end{document}$= 0.23, and a significant interaction between time and learning group,*F*~1,\ 42~ = 6.3, *p* = 0.02, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\eta _{\mathrm{p}}^{2}$$\end{document}$= 0.13. To determine what was driving the interaction, a series of planned t‑tests were performed. An independent samples t‑test revealed the BaSci group did significantly better than the CS group on immediate testing only (*p* \< 0.01).

As shown in Tab. [2](#Tab2){ref-type="table"}, the BaSci group also outperformed the CS group on the diagnostic justification test (*p* = 0.01). The effect size of the difference for the learning groups was in the moderate to large effect range (0.74). Explanations provided by the BaSci group included one key feature for each disease category along with an incorrect feature(s). In contrast, the explanations by the CS group included the identification of one correct feature; however, the feature was common to more than one disease category. Agreement between the two independent raters was high (ICC = 0.90). A significant correlation was found between students' diagnostic justification and diagnostic accuracy scores one week after initial learning for both the BaSci (r = 0.70, *n* = 22, *p* \< 0.001) and CS groups (r = 0.51, *n* = 21, *p* \< 0.02). These data provide some validity evidence for the simplified diagnostic justification test used in this study.

Discussion {#Sec10}
==========

The BaSci group outperformed the CS group on the diagnostic accuracy tests. One week after initial learning, both groups experienced a drop in performance; however, the smallest decline was observed in the BaSci group. Students who received integrated instruction also outperformed students who were only taught the clinical features of the pathologies on the basic memory test. However, this difference was no longer evident one week later. Thus, as predicted, students in the BaSci group were able to maintain superior diagnostic performance after a time delay, despite showing no advantage of remembering the clinical features for the pathologies learned. These results support the model of conceptual coherence and provide converging evidence for the value of basic science in clinical reasoning \[[@CR7], [@CR8]\].

Students who were taught using integrated basic science also outperformed those who were only taught the clinical features on the diagnostic justification test. Both groups identified correct features on the test, but those who received integrated instruction identified key diagnostic features rather than features that were common across disease categories. As hypothesized, the BaSci group was able to more accurately justify the pathologies learned without overtly using their basic science knowledge. These results provide insight on how learners' integrated basic science knowledge is used to make more accurate clinical decisions. This finding also furthers our understanding of conceptual coherence by providing explicit evidence of specific changes that occur in clinical reasoning when instruction supports the integration of basic and clinical science knowledge.

Previous work in clinical reasoning has shown that better conceptual coherence results in novices exhibiting expert-like behaviour when solving clinical problems, including more automatic and holistic processing \[[@CR7], [@CR18]\]. The findings of the current study suggest this may be due to the learners' greater understanding of the relative importance of key clinical features as evidenced by the students' explanations on the diagnostic justification test. Furthermore, the strong correlation found between the BaSci group's diagnostic accuracy and diagnostic justification scores are consistent with predictions made by a recent structural equation modelling study \[[@CR14]\], thereby providing evidence that diagnostic justification can indirectly capture the use of learners' integrated basic science knowledge in clinical diagnosis.

This study has limitations that should be noted. The simple diagnostic justification test used in this study was created specifically for this experiment and these learning materials. The results of the test cannot be taken as a generalizable measure of the participants' justification abilities. We cannot conclude that integrated basic science instruction leads to better diagnostic justification in all settings or for all cases. Further, the diagnostic justification test was completed one week following initial instruction, immediately after the diagnostic accuracy test. Studies on non-analytical reasoning have demonstrated that novice problem solving is influenced to some degree by similarity to exemplars in memory \[[@CR19]\]. Thus, it is possible that exposure to the clinical descriptions and pictures on the diagnostic accuracy test influenced students' explanations on the justification task. Students were also incentivized to participate and it is unknown whether the same results would be observed in a general setting. In addition, all aspects of this study took place in an artificial learning environment and the learning materials were tightly controlled using customized software. These learning conditions and materials may not reflect how learning would occur in a classroom setting.

The importance of integrating basic science instruction with clinical training throughout undergraduate curricula is well recognized and several strategies that aim to integrate these two knowledge domains have been described \[[@CR4], [@CR20], [@CR21]\]. However, curricular innovations that merely create proximity between the basic and clinical sciences have not been found to significantly improve learners' integrated knowledge \[[@CR22], [@CR23]\]. In contrast, the current study shows that when basic and clinical science knowledge is cognitively integrated, learners develop better conceptual coherence and as a result have superior diagnostic abilities. Further, by teaching students the causal basic science mechanisms they understood the relative importance of key clinical features for disease categories and we suggest that they use this knowledge to make more accurate clinical decisions. This highlights the utility of integrated basic science knowledge and emphasizes the importance of purposefully linking basic and clinical science instruction in day-to-day teaching. Moreover, a simple diagnostic justification task has been identified as an additional measure that educators can use to assess learners' grasp of integrated instructional materials without reliance on explicit articulation.

Conclusion {#Sec11}
==========

This study demonstrates the positive impact of integrating basic anatomical education and clinical science instruction on students' diagnostic reasoning ability in addition to diagnostic accuracy. The findings of this study further our understanding of conceptual coherence by providing explicit evidence of the advantage learners have when basic science knowledge is cognitively integrated. Future research should explore potential learning strategies that will promote the development of integrated basic science knowledge.

Editorʼs Note: Commentary by: M. Sibbald DOI 10.1007/s40037-016-0269-1.
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